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Risk managementThere is a nationwide trend to develop shale formations due to advances in horizontal drilling and
hydraulic fracturing technology. The Barnett Shale in north Texas is one of the largest onshore natural
gas ﬁelds in the US, and has experienced exponential growth since the 1990’s. This immense amount
of well development and gas production has occurred near heavily populated, urban areas, leading to
increased public concern regarding the impacts of these activities on human health and welfare. The
Texas Commission on Environmental Quality (TCEQ) is charged with regulating sources of air emissions
from natural gas operations (NGOs) and is in a unique position to evaluate any associated risks. The goal
of this manuscript is to describe the problem formulation process used by the TCEQ to characterize risks
associated with air emissions from NGOs, and the subsequent risk management strategies implemented.
Details on how potential sources of risk to human health were identiﬁed and quantiﬁed are provided.
Initial assessments identiﬁed volatile organic compounds (VOCs) as chemicals of concern. Over 4.7 mil-
lion data points for VOCs were used in this assessment on both a short-term and long-term basis. Only
three short-term samples measured VOCs above short-term health-based air monitoring comparison val-
ues (AMCVs). Several short-term samples measured VOCs above odor-based AMCVs. Long-term VOC
levels were below long-term health-based AMCVs. We describe efforts to engage stakeholders early in
the risk assessment process and outreach programs used. Finally, details on new rules and regulations
that are being used to more efﬁciently manage risks are provided. Given the resources and experience
TCEQ possesses to evaluate environmental impacts that may be caused by shale gas development and
production, it is our hope that this manuscript may serve as a resource to others to identify and manage
risks associated with oil and gas activities in their area.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Shale formations are naturally occurring layers of sedimentary
rock that trap oil and natural gas. There is a nationwide trend to
develop shale formations due to advances in horizontal drilling
and hydraulic fracturing technologies that have made the acquisi-
tion of petroleum resources in these formations economically and
commercially feasible. With the tremendous advances in industrial
technology and the ever-growing demand for energy, the oil and
gas industry has rapidly launched into exploration and develop-
ment of shale formations in the United States (US) (Denney,
2009; Harper, 2008; USGS, 2013).
To date, approximately 19 shale formations,7 distributed across
26 states, have been identiﬁed in the US (USEIA, 2011). In the US, the
96 S. Ethridge et al. / Journal of Unconventional Oil and Gas Resources 11 (2015) 95–110earliest natural gas well was dug in 1821 in Chautauqua County,
New York (Hill et al., 2008). Development was limited throughout
the late 19th and early 20th centuries due to lack of technology cap-
able of economically and efﬁciently developing shale formations. The
energy crisis of 1973 stimulated the development of natural gas
wells in the eastern part of the US, a region where the shale beds
are typically shallow and accessible by conventional drilling tech-
nologies (Harper, 2008). However, other shale formations, such as
the Barnett, are much deeper than those found in the east, requiring
hydraulic fracturing technologies to facilitate acquisition of petro-
leum from these reservoirs. By the late 1990’s hydraulic fracturing
technology had advanced to the state where it could be used to eco-
nomically tap deeper shale resources (Denney, 2009).
The Barnett Shale in north central Texas is one of the largest
onshore natural gas ﬁelds in the US (TRC, 2014). The productive
part of the formation is estimated to stretch from the city of
Dallas toward the west and south, covering 5000 square miles
(13,000 km2) and at least 18 counties. Since the 1990’s the area
has experienced exponential growth of the natural gas industry
with annual well production increasing from approximately 700
wells in 2000 to over 18,000+ wells in 2013 (Fig. 1). This immense
amount of well development and subsequent gas production has
occurred near heavily populated, urban areas, leading to increased
public concern regarding the impacts of these activities on human
health and welfare.
The exceptionally rapid exploration and development of the
Barnett Shale formation in Texas offered the Texas Commission
on Environmental Quality (TCEQ) a series of new regulatory and
risk management challenges. The proximity of development near
the densely populated Dallas/Fort Worth area gave rise to many
questions regarding the impact of shale development on human
health and environmental quality. Thus, when the Barnett Shale
area began to grow at an astonishingly rapid pace, it became the
responsibility of various regulatory entities to ensure horizontal
drilling, hydraulic fracturing, and the installation of oil and gas pro-
duction facilities near the Dallas/Fort Worth area would not cause
adverse impacts to human health and welfare.
Authority for the regulation of oil and gas facilities in the state
of Texas is divided between the TCEQ,8 the Railroad Commission of
Texas (TRC), the United States Environmental Protection Agency
(USEPA), and local government/law enforcement entities. Speciﬁc
processes or phases of shale gas development and production are
typically regulated by one of these entities (Table 1). Each phase of
shale gas exploration, development, and production is associated
with speciﬁc risks that may impact the environment or human
health and welfare (Field et al., 2014; AEA, 2012; King, 2012). It is
important that common sources of risk, particularly those associated
with this globally applicable technology, be subjected to rigorous,
scientiﬁcally-driven evaluation and management.
The process of problem formulation is where policy goals,
scope, assessment endpoints, and methodology are distilled to an
explicitly stated problem and approach for analysis. Many ele-
ments must be considered and the decisions ultimately resulting
from such a complex, multi-stakeholder process are neither easy
nor perfect (Fig. 2). However, there is a growing impetus in the risk
assessment community to push for up-front problem formulation
and scoping to give rise to efﬁcient and made-for-purpose risk
management options (NAS, 2009; OECD, 2003; USEPA, 1998).
The current body of scientiﬁc literature lacks a comprehensive
examination of speciﬁc sources of risk at oil and gas facilities8 The Texas Clean Air Act authorizes the TCEQ to prevent and remedy conditions
that could give rise to air pollution or environmental decrement. The TCEQ also relies
upon this authority to evaluate industrial impacts on environmental quality and to
develop risk management strategies to prevent the genesis of environmental
conditions that are of risk to human health or welfare.producing from shale formations or a means of prioritizing those
risks. Previous studies by McKenzie and colleagues (2012) in
Garﬁeld County, Colorado indicate that concentrations of chemi-
cals detected within 1/2 a mile from wells may have the potential
to pose health risks. The authors encouraged the collection of addi-
tional ambient air data around oil and gas facilities to enable a bet-
ter characterization of chemicals present in the environment as a
result of development and production at sites where petroleum
was accessed via hydraulic fracturing. Similarly, Zielinska et al.
(2011) monitored emissions near natural gas production facilities
in the Barnett Shale area to determine what impact these activities
were having on ambient air quality. The authors concluded that
chemicals associated with industrial activity could be detected in
ambient air around aforementioned facilities. However, due to
the short duration over which data was collected, only limited con-
clusions could be made regarding the potential impact of observed
chemical levels on human health. The city of Fort Worth collected
ambient air monitoring data over a two month period of time, con-
cluding that none of the chemicals were observed to reach concen-
trations that would be of concern to human health (ERG, 2011).
Finally, Bunch et al. (2014) evaluated air monitoring data collected
at stationary volatile organic compound (VOC) monitors in the
Barnett Shale area to determine if community-wide exposure
was occurring to a number of VOCs at unsafe levels. The authors
concluded that, for the number of VOCs measured, shale gas pro-
duction activities have not resulted in community-wide exposures
to those VOCs at levels that would pose a health concern.
Each of these studies demonstrates that air emissions from the
facilities in question are detectable in the environment. However,
there are few studies that have gone beyond characterizing air
emissions collected over a rather short period of time, making it
very difﬁcult to assay long-term health risks associated with this
industrial activity. Thus, while preliminary data demonstrate
mixed interpretations regarding the potential risks associated with
unconventional shale gas development and production near urban
areas, one thing is clear: problem formulation and risk manage-
ment strategies for this industrial activity are lacking.
The state of Texas is in a unique position to evaluate potential
impacts of oil and gas production via hydraulic fracturing on air
quality because it has the largest ambient air monitoring network
in the US. At the time of this publication, the Dallas/Fort Worth
area, referred to as TCEQ Region 4, had numerous stationary mon-
itors, including ozone monitors, VOC 24-h canister samplers, car-
bonyl monitors, metals monitors, and hourly automated gas
chromatograph (AutoGCs) samplers, sited to evaluate air quality
(Fig. 3). Furthermore, the TCEQ has a diverse, well-equipped air
monitoring program that has the capability to deploy mobile mon-
itoring units to areas where environmental complaints have been
made or where other concerns regarding the impact of industrial
activity on air quality exist.
The goal of this manuscript is to describe the problem formula-
tion process used by the TCEQ to identify and characterize risks
associated with unconventional shale gas development and pro-
duction. Explicitly stated, the identiﬁed problem was whether air
emissions from NGOs pose a signiﬁcant risk to human health and
welfare. This manuscript describes in detail the methods used by
TCEQ to adequately characterize both short-term and long-term
risk. Since problem formulation is a critical ﬁrst step in risk assess-
ment, the initial steps in this process include identiﬁcation of
sources of potentially hazardous emissions via an emissions inven-
tory study and visualization of emissions from sources via infrared
photography. Chemical concentrations measured in emissions
from NGOs are evaluated to determine whether they pose a signif-
icant risk to human health and welfare. Stakeholder engagement is
discussed to illustrate various approaches the TCEQ has taken to
actively involve members of the public and industry to discuss
Fig. 1. Map of North Texas showing Barnett Shale area counties as deﬁned in Texas Administrative Code (TAC) Section 106.352 and locations of oil, gas, and oil/gas wells as of
January 2013. Barnett Shale counties are white and other Texas counties are shaded in tan. Well location data were obtained from the Railroad Commission of Texas. Oil wells
are represented by red dots, gas wells are represented by blue dots, and oil/gas wells are represented by green dots. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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options. Agency enforcement activities are described to demon-
strate the nature of events or emissions that induced corrective
action. In summary, this manuscript describes in detail the
approaches used by the TCEQ to adequately characterize both
short-term and long-term risk and identify subsequent risk man-
agement strategies implemented to ensure that the rapid develop-
ment of NGOs did not result in signiﬁcant environmental
decrement in the state of Texas.
Our evaluation of potential sources of risk to human health and
welfare have centered upon our extensive ability to investigate air
quality. We will discuss potential sources of risk to human health
that could be found in areas of oil and gas exploration,development, and production. The various approaches used by
the agency to investigate sources of chemical emissions associated
with the facilities of interest as well as regulatory and policy deci-
sions utilized to better mitigate potential sources of risk associated
with oil and gas facilities will be described. Efforts to engage stake-
holders early in the risk assessment process and outreach pro-
grams used to ensure that the TCEQ addressed the needs of
outside entities will be detailed. Finally, new rules and regulations
that are being used in a problem-speciﬁc manner to more efﬁ-
ciently manage risks in the Barnett Shale area will be described.
Given the extensive resources and experience the TCEQ possesses
to evaluate environmental impacts that may be caused by uncon-
ventional shale gas development and production, it is our hope
Table 1
The regulation of different phases of oil and gas production is divided between the Texas Commission on Environmental Quality (TCEQ), the Railroad Commission of Texas (TRC),
local government/law enforcement, and the United States Environmental Protection Agency (USEPA) Region 6.
Media TCEQ TRC Local government or law
enforcement
USEPA (Region 6)
Air  Nuisance odor complaints during exploration
and drilling
 Facilities permit: may be standard permit or
permit by rule (PBR) depending on size of
the facility
 Emissions after drilling and at facilities such
as compressor stations and tank batteries
 Drilling permits
 Emissions during exploration and
drilling
 Noise during explo-
ration, drilling, or at
facilities
 Dusts from public
roads and facilities
 Trafﬁc complaints
 Ordinance violations
 National Ambient Air
Quality Standards
(NAAQS) emissions
Spills  Spill of any and all hazardous substances
 Spills of reﬁned petroleum products
 Abandoned containers of unidentiﬁed sub-
stances that are not leaking
 Spills occurring during exploration,
development, and production of oil
and gas
Waste  Waste from transport of crude and natural gas
by railcar, truck, barge, and oil tanker
 Reﬁned petroleum products
 Wastes from service facilities providing
equipment, materials, or services
 Wastes that are processed, treated or disposed
of by a TCEQ authorized solid waste facility
 Hazardous substances, reﬁned petroleum, and
abandoned containers with unknown
substances
 Hazardous and non-hazardous waste
from exploration, development, and
production
 Injection wells
 Naturally occurring radioactive mate-
rial (NORM)
 Crude oil waste from tanks and pipeli-
nes (prior to reporting)
 Non-hazardous waste from natural gas
processing plants
 Rinsate from vacuum trucks and tanks
 Littering or dumping
Water  Possible contamination of public drinking
water
 Water rights
 Drinking water supply
 Process wastewater not associated with
exploration, production, or transportation
 Dam safety
 Concerns regarding contamination of
private wells
 Process wastewater dis-
charged from oil and gas
sites
 Storm water run-off from
oil and gas sites
PROBLEM FORMULATION AND RISK MANAGEMENT PROCESS
Stakeholder Input
Policy Context1. Problem Idenﬁcaon
Scienﬁc Data
General Informaon
Knowledge Base
Polics
Authority
Decision Processes
Protocols
2. Risk Management Opons
3. Assessment(s)
4. Decision
Laws (Federal & State)5. Evaluaon
Stakeholder Input
Fig. 2. Problem formulation and risk management process. The process of problem
formulation is where policy goals, scope, assessment endpoints, and methodology
are distilled to an explicitly stated problem and approach for analysis. Many
elements must be considered and the risk management decisions ultimately
coming from such a complex, multi-stakeholder process are neither easy nor
perfect.
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both in the US and globally to identify and manage risks associated
with oil and gas activities in their area.9 HAPs – hazardous air pollutants, also known as toxic air pollutants or air toxics,
are deﬁned by USEPA as those pollutants that cause or may cause cancer or other
serious health effects, such as reproductive effects or birth defects, or adverse
environmental and ecological effects. USEPA is currently required to control 187
HAPs. VOCs in this context are deﬁned as volatile organic compounds not currently
classiﬁed by the USEPA as HAPs. A complete list of chemicals and their current
classiﬁcation is available at this webpage: http://www.tceq.texas.gov/airquality/
point-source-ei/psei.html.Materials and methods
To better manage risk associated with oil and gas facilities, the
TCEQ conducted a series of studies to identify and characterize
potential sources of risk originating from NGOs in the development
and production phases. This section describes in detail the materi-
als and methods used in the assessment.Barnett Shale area special emissions inventory study
Under the authority of 30 Texas Administrative Code §101.10
(b)(3), the TCEQ’s Emissions Assessment Section (EAS) conducted
a special inventory where owners or operators were required by
law to complete and submit requested information. The special
inventory was conducted in two phases. The goal of Phase I was
to determine the location, number, and type of emissions sources
located at upstream and midstream oil and gas operations associ-
ated with the Barnett Shale. In Phase II, the TCEQ requested that
companies, including any afﬁliated subsidiaries that own and/or
operate leases and/or facilities associated with Barnett Shale oil
and gas production, transmission, processing, and related activi-
ties, provide air emissions data and related information for calen-
dar year 2009.
The inventory collected the following information:
 equipment and production information for emission sources
associated with Barnett Shale oil and gas production, transmis-
sion, processing and related activities;
 air emissions authorizations for these sources;
 coordinates of sources located within one-quarter mile of the
nearest receptor; and
 annual 2009 emissions (in tons per year) for nitrogen oxides
(NOx), volatile organic compounds (VOCs), and hazardous air
pollutants (HAPs9).
Fig. 3. Map of TCEQ Region 4 Stationary Air Monitors as of 2014. This map shows the locations of various stationary air monitors in TCEQ Region 4. Barnett Shale counties are
white and other Texas counties are shaded in tan. Several types of air monitors are shown on the map including ozone (O3) monitors (large yellow dots), ﬁne particulate
matter (PM2.5) monitors (large red dots), 24-h volatile organic compound (VOC) canister monitors (large blue dots), automated gas chromatograph VOC monitors (large green
dots), oxides of nitrogen (NOx) monitors (large purple dots), and sulfur dioxide (SO2) monitors (large orange dots). Oil wells are represented by small red dots, gas wells are
represented by small blue dots, and active Texas surface wells are represented by small gray dots. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
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To determine whether oil and gas facilities were impacting air
quality, the TCEQ collected both short-term and long-term samples
in and around areas with and without natural gas wells and pro-
duction facilities.
Surveys
The TCEQ has conducted two Remote Sensing VOC Projects in
the Barnett Shale area. In these projects, a helicopter-mounted pas-
sive infrared (IR) camera was used to aerially survey and image
hydrocarbon plumes. The TCEQ used these images to identify
VOC emissions sources that may potentially be unreported or
under-reported.
In addition to the helicopter ﬂyover surveys, several types of
survey instruments were used on the ground throughout the
Barnett Shale area to search for maximum ground-level VOC
concentrations:
 ThermaCAM GasFindIR HSX and GF300 Series cameras
(GasFindIR cameras) were used to identify possible emission
sources and potential sampling locations (FLIR Systems,
Boston, MA). The GasFindIR camera is a hand-held remote sens-
ing device based on existing infrared thermographic principles
that are capable of making hydrocarbon emissions visible. The
camera currently serves as a screening tool to assist the agency
in actions such as facility investigations, reconnaissance inves-
tigations, mobile monitoring, and special projects. The Thermo Scientiﬁc TVA 1000 is a portable vapor analyzer
equipped with a ﬂame ionization detector (FID), while the
1000B is a portable vapor analyzer with dual detectors – FID
and photo ionization detector (PID). The FID is used to detect
most VOCs, while the PID is mostly used to monitor for VOCs
associated with air toxics (e.g. benzene). The TVA is used to esti-
mate total VOCs (parts per million range) of speciﬁc emission
sources or during general emission surveys.
 The RAE Systems AreaRAE Wireless Multi-Gas Monitor is a
weather-resistant unit designed for one to ﬁve sensors. This
includes sensors for VOCs, lower explosive limit (LEL), oxygen,
and two additional electrochemical sensors that are normally
hydrogen sulﬁde and sulfur dioxide. Since the unit is equipped
with a wireless modem, it can be used by itself or as part of an
array of instruments that can be monitored remotely from a
laptop computer.
 The RAE Systems MiniRAE 2000 and 3000 are portable,
hand-held instruments outﬁtted with a photoionization
detector (PID) and datalogger. The MiniRAE 2000 and 3000
are frontline tools for monitoring air toxics in many Hazmat
and Emergency Response events. LEDs and alarms can be preset
for pre-determined target concentrations.
 The UltraRAE 3000 is a portable compound speciﬁc VOC
analyzer. Utilizing an enhanced PID, the UltraRAE can be
used in either a total VOC mode or a benzene only mode. If
safety or logistical concerns exist, a wireless Bluetooth
connection is available so that monitoring can be conducted
from a distance.
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Personnel from the TCEQ Mobile Monitoring Team conducted
short-term ambient air monitoring in Denton, Hood, Johnson,
Parker, Tarrant and Wise Counties in three phases during 2009:
Phase I (August 24 – 28, 2009), Phase II (October 9 – 16, 2009),
and Phase III (November 16 – 20, 2009). Efforts were focused on
identifying speciﬁc natural gas and oil production emission sources
and characterizing the emissions. Multiple natural gas and oil
emission source types were assessed including, but not limited
to, those associated with drilling, fracturing, well-heads, conden-
sate and product storage tank batteries, compressor stations, salt-
water disposal wells, and natural gas processing facilities. A total of
75 instantaneous SUMMA

canister samples were collected duringTable 2
Target volatile organic compound (VOC) analytes for canister samples (italics) and autom
1,1,2,2-Tetrachloroethane 2-Methylhexane
1,1,2-Trichloroethane 2-Methylpentane (isohexane)
1,1-Dichloroethane 3-Methyl-1-butene
1,1-Dichloroethylene 3-Methylheptane
1,2,3-Trimethylbenzene 3-Methylhexane
1,2,4-Trimethylbenzene 3-Methylpentane
1,2-Dichloropropane 4-Methyl-1-pentene
1,3,5-Trimethylbenzene Acetylene
1,3-Butadiene Benzene
1-Butene Bromomethane
1-Hexene + 2-methyl-1-pentene Carbon Tetrachloride
1-Pentene Chlorobenzene
2,2,4-Trimethylpentane Chloroform
2,2-Dimethylbutane (neohexane) Chloromethane (Methyl Chloride)
2,3,4-Trimethylpentane Cis 1,3-dichloropropene
2,3-Dimethylbutane Cis-2-butene
2,3-Dimethylpentane Cis-2-hexene
2,4-Dimethylpentane Cis-2-pentene
2-Chloropentane Cyclohexane
2-Methyl-2-butene Cyclopentane
2-Methylheptane Cyclopentene
Fig. 4. Map of TCEQ Region 4 volatile organic compound (VOC) stationary air monitors
monitors in TCEQ Region 4 as of December 2012. Barnett Shale counties are white and oth
blue dots, automated gas chromatograph VOC monitors are represented by green dots. (Fo
to the web version of this article.)Phase I, II, and III investigations in 2009. QA/QC samples were also
collected but were not included in this evaluation.
The TCEQ conducted additional mobile monitoring investiga-
tions in the Barnett Shale area focusing on VOCs: one in the City
of Fort Worth (December 2009), a follow-up to the Phase I, II,
and III investigations (Phase IV, March 2010), and a follow-up to
the City of Fort Worth survey (April 2010). A total of 60
SUMMA canister samples were collected (QA/QC samples
excluded) during these three mobile monitoring investigations.
Short-term SUMMA canister samples
Whole-air samples were collected in passivated, SUMMA
stainless steel canisters which were sent to the TCEQ Organicated gas chromatographs (bold).
Dichlorodiﬂuoromethane n-Nonane
Dichloromethane (methylene chloride) n-Octane
Ethane n-Pentane
Ethylbenzene n-Propylbenzene
Ethylene n-Undecane
Ethylene dibromide (1,2-dibromoethane) o-Ethyltoluene
Ethylene dichloride (1,2-dichloroethane) o-Xylene
Isobutane p-Diethylbenzene
Isopentane (2-Methylbutane) p-Ethyltoluene
Isoprene Propane
Isopropylbenzene (Cumene) Propylene
m-Diethylbenzene Styrene
m-Ethyltoluene Tetrachloroethylene
m/p-Xylene Toluene
Methyl chloroform (1,1,1-trichloroethane) Trans-1-3-dichloropropylene
Methylcyclohexane Trans-2-butene
Methylcyclopentane Trans-2-hexene
n-Butane Trans-2-Pentene
n-Decane Trichloroethylene
n-Heptane Trichloroﬂuoromethane
n-Hexane Vinyl chloride
installed by December 2012. This map shows the locations of all VOC stationary air
er Texas counties are shaded in tan. 24-h VOC canister monitors are represented by
r interpretation of the references to color in this ﬁgure legend, the reader is referred
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samples collected with a duration of one hour or less were evalu-
ated as ‘‘short-term’’ samples in this assessment (1299 total canis-
ter samples). The TCEQ laboratory analyzed the canister samples
for 84 target VOCs (Table 2) by cryogenic preconcentration fol-
lowed by thermal desorption into an Agilent 6890/5973 gas chro-
matograph/mass spectrometer (GC/MS) (modiﬁed EPA TO-15
method).
VOC samples from stationary monitors
New stationary VOC monitors were sited nearer to sources to
better characterize long-term impacts beginning in 2010. As of
December 2009, a total of two AutoGC monitors and eight 24-h
canister monitors were operating in TCEQ Region 4 (Dallas/FortTable 3
List of stationary monitoring sites (24-h canisters and automated gas chromatograph Auto
EPA site number Site name Type, sample duration
481390016 Midlothian Old Fort Worth 24-h Canister; every 6t
481130069 Dallas Hinton AutoGC; 1-h, continuou
481130069 Dallas Hinton 24-h Canister; every 6t
481210034 Denton Airport South 24-h Canister; every 6t
484391002 Fort Worth Northwest AutoGC; 1-h, continuou
484391002 Fort Worth Northwest 24-h Canister; every 6t
484393009 Grapevine Fairway 24-h Canister; every 6t
482311006 Greenville 24-h Canister; every 6t
482570005 Kaufman 24-h Canister; every 6t
481391044 Italy 24-h Canister; every 6t
484970088 Decatur Thompson AutoGC; 1-h, continuou
481211013 Dish Airﬁeld AutoGC; 1-h, continuou
484390075 Eagle Mountain Lake AutoGC; 1-h, continuou
481211007 Flower Mound Shiloh AutoGC; 1-h, continuou
482511008 Johnson County Luisa 24-h Canister; every 6t
484391009 Everman Johnson Park AutoGC; 1-h, continuou
484391062 Kennendale Treepoint Drive AutoGC; 1-h, continuou
484391018 Arlington UT Campus AutoGC; 1-h, continuou
482511063 Mansﬁeld Flying Lane AutoGC; 1-h, continuou
484971064 Rhome Seven Hills Road AutoGC; 1-h, continuou
AutoGC – automated gas chromatograph.
Table 4
Chemicals associated with air emissions from natural gas operations (NGOs) and associate
Chemical Dry Stream (%) Wet Stream (%) Odor-based AMCV (ppbv)
Methane 88.67 88.36 –
Ethane 5.03 5.00 –
Propane 2.13 2.21 1,500,000
Carbon Dioxide 1.43 1.44 –
Nitrogen 1.2 1.19 –
n-Butane 0.58 0.64 1,200,000
Isobutane 0.38 0.4 NA
Isopentane 0.22 0.23 1300
n-Pentane 0.2 0.22 1400
Other hexanes 0.13 0.13 –
Heptanes 0.08 0.08 670
n-Hexane 0.06 0.09 1500
C8 + Heavies 0.06 0.06 1700 (n-octane)
2200 (n-nonane)
1750 (n-decane)
870 (n-undecane)
Cylcohexane 0.04 0.05 2500
Hydrogen sulﬁde 0.03 0.09 –
Methylcyclohexane 0.03 0.04 150
Cylcopentane 0.02 0.03 NA
Benzene 0.02 0.02 2700
Water 0.01 0.12 –
Toluene 0.01 0.01 920
Xylenes 0.003 0.005 80 (m- & p-xylenes)
380 (o-xylene)
Ethylbenzene 0.001 0.002 170
ppbv – parts per billion by volume.
% – percent.
AMCV – air monitoring comparison value.Worth). As of 12/31/2012, a total of eleven AutoGC monitors and
nine 24-h canister samplers were operating. Fig. 4 shows the loca-
tion of stationary VOC air monitors included in this assessment.
Eight AutoGC monitors had collected at least six months of sam-
ples by 12/31/2012, and were suitable for including in the chronic
assessment. All nine 24-h canister monitors had at least one year of
samples by 12/31/2012 and were suitable for including in the
chronic assessment.
Stationary 24-h canister samples. 24-h VOC samples were also col-
lected in evacuated six-liter passivated stainless steel SUMMA
canisters, every sixth day, at each of nine stationary monitoring
sites (Table 3). 24-h canister VOC samplers consist of a ﬂow con-
troller and pressure transducer connected through a solenoid valveGCs) included in analysis.
Time period Latitude Longitude
h day 1997–2004; 2006–2012 32.4820815 97.0269224
s 2000–2012 32.8200608 96.8601165
h day 2000–2012 32.8200608 96.8601165
h day 2000–2012 33.2190564 97.1962872
s 2003–2012 32.8058183 97.3565675
h day 2003–2012 32.8058183 97.3565675
h day 2003–2012 32.9842595 97.0637053
h day 2003–2012 33.1530774 96.115561
h day 2004–2012 32.5649518 96.3176773
h day 2007–2012 32.1754284 96.8701803
s 2010–2012 33.221721 97.584445
s 2010–2012 33.13093 97.29765
s 2010–2012 32.9878908 97.4771754
s 2010–2012 33.0458619 97.1300022
h day 2010–2012 32.469701 97.169271
s 2011–2012 32.621136 97.290353
s 6/29/ 2012 32.658889 97.200278
s 9/20/2012 32.726111 97.108333
s 10/1/2012 32.5418 97.1175
s 11/12/2012 33.044028 97.486618
d air monitoring comparison values (AMCVs).
Short-term Health-based AMCV (ppbv) Long-term Health-based AMCV(ppbv)
– –
– –
– –
– –
– –
92,000 8,000
33,000 8,000
68,000 8,000
68,000 8,000
– –
850 85
1800 190
750 75
2000 200
175 620
550 55
1000 100
– –
4000 400
1200 120
180 1.4
– –
4000 1100
1700 140
1700 140
20,000 450
102 S. Ethridge et al. / Journal of Unconventional Oil and Gas Resources 11 (2015) 95–110to the stainless steel intake sample line which is attached to either
a single canister or up to ten canisters with their individual intake
sample lines. The ﬂow controller is adjusted to the appropriate
ﬂow to allow the canister to ﬁll as evenly and uniformly as possible
over the sampling period. A datalogger is attached to the sampler
to record ﬂow rate and canister pressure. The datalogger controls
the sampling period, allowing the canister to draw ambient air at
a calculated ﬂow rate for 24 h.
The sampler is preferably installed inside a monitoring station
but can also be mounted outdoors. The sample probe is located
at a height of 2–15 m above ground following EPA probe require-
ments. The sample probe height for TCEQ VOC samplers is 12 feet
above ground when possible. The canisters were mailed to the
TCEQ OAL in Austin, TX, within six days of sample collection. The
TCEQ laboratory analyzed the canister samples for 84 target
VOCs (Table 2) by cryogenic preconcentration followed by thermal
desorption into an Agilent 6890/5973 GC/MS (modiﬁed EPA TO-15
method). Detailed sampling and analysis procedures are described
elsewhere (TCEQ, 2012b).
Stationary automated gas chromatograph (AutoGC) samples. VOCs
were also collected and analyzed by stationary AutoGCs which col-
lect and analyze samples hourly using a Perkin–Elmer O3 Precursor
Analyzer system. A total of eleven AutoGCs in the Barnett Shale
area were operating as of 12/31/2012 (Table 3). The AutoGC unit
consists of an automated system equipped with dual capillary col-
umns, [Porous Layer Open Tubular (PLOT) and Boiling Point 1%
dimethyl polysiloxane (BP-1)], a Deans switch used as a cut acces-
sory, and dual ﬂame ionization detectors (FIDs). A Perkin-Elmer
TurboMatrix™ concentrator and desorption unit is used to concen-
trate and deliver the sample to the gas chromatograph for
separation.
AutoGCs are conﬁgured to identify 46 target VOCs (Table 2) and
2 calculated total parameters (total non-methane hydrocarbon
(TNMHC) and total non-methane total carbon (TNMTC) using mod-
iﬁed EPA method TO-14.
The AutoGC system pulls a 40-min ambient air sample through
an electronically cooled trap using a sample pump. A Naﬁon dryer
removed moisture from the sample before the trap. After the sam-
ple is thermally desorbed and injected into the gas chromatograph,
the trap cools, and is ready for the next sample in approximately
20 min. The next sample begins collection while analysis of the
previous sample is still taking place.
The TCEQ convention is to assign the sample to the hour in
which greater than 75% of the sample was collected. Twenty-four
samples are run each day. Generally, at least two daily samples
are assigned to quality control tests. Data processing is performed
using PE Nelson TotalChrom™ Software in a Windows environ-
ment. Detailed sampling and analysis procedures are described
elsewhere (TCEQ, 2012b).
Data collection
All data evaluated in this study were obtained directly from the
TCEQ monitoring division. Short-term canister data of one-hour
duration or less were obtained either in Microsoft Excel format
or in text ﬁle format. Text ﬁles were converted to Microsoft Excel
format. As of 12/31/2012, eleven stationary AutoGC monitors and
nine 24-h canister monitors were operating in the Barnett Shale
area. Seven AutoGC monitors and all nine 24-h canister monitors
had collected at least one year of samples by 12/31/2012, and
one AutoGC monitor had collected six months of samples by
12/31/2012, and were included in the chronic assessment.
Non-detect values were reported as zero in the raw data. Any
values reported below the method detection (DL), but above zero,
were retained and treated as detected values (TCEQ reportinglimits are below the published DLs, and in some cases reported val-
ues are less than their DLs). Proxy values (1/2 the DL) were substi-
tuted for values reported as zero in the data analysis in accordance
with USEPA risk assessment guidance (USEPA, 1989, 2009).Data analysis
A recent report by Eastern Research Group, Inc. (ERG, 2012)
listed the natural gas stream composition proﬁle for the state of
Texas with some variability depending on the basin. Each chemical
and associated percent composition of the natural gas stream com-
position proﬁle is listed in Table 4. Methane is the main component
of the natural gas stream (89%), followed by ethane (5%), propane
(2%), carbon dioxide (1%), and nitrogen (1%). All other chemicals
listed in Table 4 compose less than 1% each of the natural gas
stream (ERG, 2012).
Nineteen of the chemicals identiﬁed by ERG (2012) and listed in
Table 4 have TCEQ odor-based, short-term health-based, and/or
long-term health-based air monitoring comparison values
(AMCVs) (discussed below) and are target analytes of TCEQ labora-
tory methods used to measure VOC concentrations in air: propane,
n-butane, isobutane, isopentane, n-pentane, n-hexane, n-heptane,
C8 or more carbon-alkanes (n-octane, n-nonane, n-decane,
n-undecane), cyclohexane, methylcyclohexane, cyclopentane, ben-
zene, toluene, xylenes (m & p-xylenes and o-xylene) and ethylben-
zene. Therefore, the data analysis in this study was conducted on
this subset of 19 VOCs.
For short-term canister samples (one-hour duration or less),
Microsoft Excel™ was used to calculate the percentage of samples
measured above the detection limit, minimum concentrations,
maximum on-site concentrations, and maximum off-site concen-
trations. Summary statistics were not calculated for these canister
samples because they were collected at many different locations in
the Barnett Shale area with a high degree of variability with
respect to sampling conditions and emission sources.
Summary statistics for each chemical of interest measured at
each AutoGC and 24-h canister monitor included in the chronic
assessment were calculated using Microsoft Excel™ and included
the number of samples, percent of samples detected above the
detection limit, maximum, mean, median, and mode concentra-
tions. Proxy values used in place of zero values are listed in
Supplemental ﬁgures for each chemical of interest measured at
each monitor (see Data collection section above).Toxicological evaluation
Acute toxicological evaluation. Monitored VOC concentrations in
short-term canister and AutoGC samples (one-hour duration or
less) were compared to TCEQ’s short-term health- and
odor-based AMCVs. Short-term AMCVs are used to evaluate ambi-
ent concentrations of chemicals in air to determine whether the
monitored concentrations have the potential to cause adverse
health effects or odors after a one-hour exposure to the measured
concentration. Health-based AMCVs are set to provide a margin of
safety and are well below levels at which adverse health effects are
reported to occur in the scientiﬁc literature. Short-term AMVCs are
set to protect sensitive members of the population such as chil-
dren. If a chemical concentration in ambient air is less than its
health-based AMCV, no adverse health effects are expected to
occur. If a chemical concentration exceeds its health-based AMCV
it does not necessarily mean that adverse effects will occur, but
rather that further evaluation is warranted. If a chemical
concentration exceeds its odor-based AMCV, it is most likely at a
concentration that will result in odor detection. Table 4 provides
a list of target compounds and their associated odor-based and
short-term health-based AMCVs. Documentation on how AMCVs
Fig. 5. Phase I inventory results: percentage of each type of emission source. Results of the Phase I special inventory indicated a total of 46,762 reported emissions sources in
the Barnett Shale area. Data in this ﬁgure represent more than 99% of entities producing in the Barnett Shale formation in 2009. Each type of emissions source and percentage
of the total reported emissions for that source are indicated.
S. Ethridge et al. / Journal of Unconventional Oil and Gas Resources 11 (2015) 95–110 103are derived can be obtained from the TCEQ webpage http://www.
tceq.texas.gov/toxicology/AirToxics.html.
Importantly, it is both scientiﬁcally inaccurate and ill-advised to
compare a VOC concentration measured in a short-term air sample
to a long-term AMCV for the purpose of assessing potential chronic
health risk. Elevated VOC concentrations measured in short-term
samples, which we operationally deﬁned as two times the
long-term AMCV, were used by the TCEQ to help identify potential
risk drivers for future investigations, and at times, have been an
indication that a facility was not operating within permitted limits.
Chronic toxicological evaluation. Eighteen of the nineteen chemicals
evaluated in this assessment have TCEQ long-term health-based
AMCVs (Table 4). Annual average VOC concentrations (one-year
duration or greater10) were compared to TCEQ long-term AMCVs.
Long-term health-based AMCVs are derived assuming a continuous
inhalation exposure to the measured concentrations for 24 h/day,
7 days/week, 365 days/year, for a lifetime.
Of the eighteen chemicals with long-term health-based AMCVs,
ten chemicals have undergone the review process using TCEQ,
2012 Guidelines (TCEQ, 2012a) and have Chronic Reference
Values (ReVs) that were used to calculate hazard quotients (HQs)
for each chemical at each site. Chronic ReVs are set at an HQ of 1.
Hazard Quotient ðHQÞ ¼Mean Concentration=Chronic ReV
Cumulative impacts for noncancer effects after chronic
exposure were assessed by determining the HQ for each chemical
and then summing the individual HQs to determine the hazard
index (HI).
Hazard Index ðHIÞ ¼ HQ1þHQ2þHQ3 . . . þHQn10 All stationary monitors included in the chronic assessment had at least one year
of monitoring data with the exception of the Kennendale Treepoint Drive AutoGC
monitor. The Kennendale monitor began operating on June 29, 2012, and had six
months of data by the 12/31/2012 which may or may not have been representative of
an entire year.The only chemical of interest with a cancer-based, long-term
AMCV is benzene. The benzene long-term AMCV of 1.4 ppb is
based on a Unit Risk Factor (URF) of 7.1E-06 per ppb (TCEQ,
2007). Site-speciﬁc mean benzene concentrations were multiplied
by the URF of 7.1E-06 to determine the excess cancer risk level for
benzene at each monitor.Results
This section describes in detail the results of the assessments
used to characterize and quantify potential sources of risk originat-
ing from NGOs in the development and production phase. These
results were used by the TCEQ to make informed risk management
decisions.
Barnett Shale area special emissions inventory study results
Phase I
As of June 16, 2010, the TCEQ received special inventory data
from various companies that account for more than 99 percent of
entities producing in the Barnett Shale formation in 2009. Data
for 9123 upstream sites/facilities and 519 midstream sites/facili-
ties were received (Fig. 5 and Supplemental Table S23). Some of
the midstream sites/facilities process or transport gas from forma-
tions other than the Barnett Shale formation. Operations were
reported in all counties that comprise the Barnett Shale area
(Fig. 1).
Each facility reported multiple emission sources. As can be seen
in Fig. 5 and 97% of the 46,762 reported emissions sources were
produced water storage tanks (33%), piping component fugitive
areas (27%), blowdown vents (15%), condensate storage tanks
(9%), stationary gas-ﬁred engines including rich-burn 50–240
horsepower (4%), other stationary equipment (3%), process vents
(2.5%), total oil storage tanks (2%), and heaters/boilers (1.3%).
The remaining 3% of emissions sources were stationary gas-ﬁred
engines (lean-burn, >240 horsepower), stationary gas-ﬁred engines
(rich-burn, 0–50 horsepower), stationary gas-ﬁred engines
(rich-burn, >240 horsepower), total slop storage tanks, controlled
Fig. 6. Phase II inventory results: percentage of total site volatile organic
compounds (VOCs), oxides of nitrogen (NOx), and hazardous air pollutants (HAPs)
in tons per year (typ). Results of the Phase II special inventory indicated that a total
of 42,418 tpy of emissions were reported for all sites. Over half (51%) were VOCs at
21,408 typ, 46% of emissions were NOx at 19,629 tpy, and 3% of emissions were
HAPs at 1382 typ. In this context HAPs are deﬁned by USEPA as those pollutants
that cause or may cause cancer or other serious health effects, such as reproductive
effects or birth defects, or adverse environmental and ecological effects. USEPA is
currently required to control 187 HAPs. VOCs are volatile organic compounds not
currently classiﬁed by the USPEPA as HAPs.
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horsepower), separators vented to atmosphere, ﬂares, uncontrolled
glycol dehydrators, fracking tanks, stationary gas-ﬁred engines
(lean-burn, 0–50 horsepower), and turbines.
Barnett Shale Special Inventory Phase I maps were developed
using reported location data from upstream and midstream oil
and gas sites and are available on the TCEQ Barnett Shale Special
Inventory webpage.11
Phase II
Results of the Phase II special inventory indicated that out of
42,418 tons per year of emissions reported for all sites, over half
of emissions (51%) were VOCs at 21,408 tons per year (tpy), 46%
of emissions were NOx at 19,629 tpy, and 3% of emissions were
HAPs at 1382 tpy (Fig. 6).
Surveys
The TCEQ has conducted two Remote Sensing VOC Projects in
the Barnett Shale area. In these projects, a helicopter-mounted pas-
sive infrared (IR) camera was used to aerially survey and image
hydrocarbon plumes. The TCEQ used these images to identify
VOC emissions sources that may potentially be unreported or
under-reported. Both projects identiﬁed many oilﬁeld storage
tanks with signiﬁcant hydrocarbon plumes.
The ﬁrst infrared camera ﬂyover project was conducted in the
summer of 2007. Over 145 leaks were ﬁlmed from 93 upstream
oil/gas sites. Ten of the 93 sites imaged during the 2007 ﬂyover
project were selected for follow-up investigations based on the
apparent magnitude of the hydrocarbon plumes imaged. The
TCEQ conducted investigations and outreach to address those
emissions.11 http://www.tceq.texas.gov/assets/public/implementation/air/ie/pseiforms/
Barnett%20Shale%20Area%20Special%20Inventory.pdf.The agency conducted its second infrared camera ﬂyover of the
Barnett Shale area in April 2010. Over 5000 storage tanks were sur-
veyed and more than 88 videos of potential emissions were col-
lected. TCEQ staff conducted follow-up investigations on sites
that were identiﬁed to have emissions (VIDEO 1).
Mobile monitoring investigations
Phase I, II, and III Mobile monitoring investigations
A total of 75 instantaneous SUMMA canister samples were col-
lected during Phase I, II, and III investigations in 2009. Results of
these samples are presented in Supplemental Table S1 (percent
of samples measured above the DL, minimum, maximum on-site
concentrations, and maximum off-site concentrations) as well as
odor-based and short-term health-based AMCVs. Summary statis-
tics were not presented for these canister samples because samples
were collected at many different locations in the Barnett Shale area
with a high degree of variability with respect to sampling condi-
tions and emission sources.
One of the 75 canister samples was collected on-site in the
plume of a leaking natural gas well-head (VIDEO 2). Multiple
chemicals were detected above short-term health and
odor-based AMCVs in this sample including a benzene concentra-
tion of 15,000 ppbv (Supplemental Table S1). Multiple chemicals
were detected at levels that could cause adverse health effects if
short-term exposure were to occur. However, this sample was col-
lected on-site, directly at the source, and the general public would
not be expected to be exposed to these chemical concentrations
from this source. This type of sample was used to help characterize
the presence of VOCs in some ﬁeld gas prior to processing.
Real-time gas chromatography (RTGC) samples collected predom-
inantly downwind of a compressor station located near the leaking
natural gas well-head had instantaneous benzene concentrations
of 220 ppbv, 1100 ppbv, and 300 ppbv, with a maximum one-hour
average of 370 ppbv. These samples were collected approximately
600 feet from two residences and exposure to the general public
was possible (VIDEO 3). These VOC concentrations in close proxim-
ity to a residential area were elevated and reductions in VOC emis-
sions in this area were recommended.
A total of 74 instantaneous canister samples were collected
off-site, in areas where the general public could potentially be
exposed, during Phase I, II, and III investigations. Maximum
detected concentrations are reported in Supplemental Table S1.
All 74 off-site canister samples had measured chemical concentra-
tions that were below short-term health-based AMCVs. Two canis-
ter samples had measured concentrations of m- & p-xylenes that
exceeded the odor-based AMCV of 80 ppbv. One of these canister
samples was collected approximately 300 feet downwind of a
compressor station and had an m- & p-xylene concentration of
93 ppbv; investigators experienced odors while collecting this
sample. The other canister sample had an m- & p-xylene concen-
tration of 130 ppbv and was collected approximately 25 feet down-
wind of a saltwater disposal well facility while a truck was
unloading waste water; the TCEQ received numerous odor com-
plaints from citizens living near this saltwater disposal well facil-
ity, which resulted in further investigations.
Although the canister sampling conducted during Phase I, II,
and III investigations did not show issues of short-term health con-
cern, some VOCs were detected at levels above typical background
concentrations. The risk assessment focused on benzene as a risk
driver because it is a known human carcinogen and had the lowest
short-term health-based AMCV of all VOCs included in this study.
Benzene was detected at elevated levels in 19 of 74 off-site instan-
taneous canister samples. Since all samples were collected in areas
where the public could potentially be exposed and limited infor-
mation was available as to the frequency and duration of these
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sampling and stationary long-term monitoring in the Barnett
Shale area to better assess the inﬂuence of NGOs on ambient con-
centrations of VOCs, particularly benzene.
Follow-up mobile monitoring investigations
The TCEQ conducted additional mobile monitoring investiga-
tions in the Barnett Shale area focusing on VOCs: one in the City
of Fort Worth (December 2009), a follow-up to the Phase I, II,
and III investigations (Phase IV, March 2010), and a follow-up to
the City of Fort Worth survey (April 2010). A total of 60 SUMMA
canister samples were collected (QA/QC samples excluded) during
these three mobile monitoring investigations. Summary results of
the 60 samples are presented in Supplemental Table S2 (percent
of samples measured above the detection limit, minimum, and
maximum concentrations) as well as odor-based and short-term
health-based AMCVs. Again, summary statistics were not pre-
sented for these canister samples because samples were collected
at many different locations in the Barnett Shale area with a high
degree of variability with respect to sampling conditions and emis-
sion sources. None of the samples collected in December 2009, or
April 2010, had chemical concentrations that exceeded
odor-based and/or short-term health-based AMCVs.
Three samples collected during the March 2010, follow-up
investigation, downwind of a saltwater disposal well facility, had
concentrations of VOCs that exceeded odor-based and/or
short-term health-based AMCVs. All three samples had concentra-
tions of m- & p-xylenes that exceeded the odor-based AMCV of
80 ppbv. Two of the three samples had concentrations of methylcy-
clohexane that exceeded the odor-based AMCV of 150 ppbv. One of
the three samples had a concentration of n-heptane that exceeded
the odor-based AMCV of 670 ppbv. One of the three samples had a
concentration of n-octane that exceeded the health-based AMCV of
750 ppbv. Investigators experienced odors, described as mild to
moderate VOC-type odors, while collecting samples downwind of
this facility. Odors experienced by the investigators were consis-
tent with frequent citizen complaints of odors coming from this
facility.
One sample collected during the March 2010, follow-up inves-
tigation had a concentration of n-pentane that exceeded the
odor-based AMCV of 1400 ppbv. This sample was collected down-
wind of condensate tanks at a facility in Hood County.
Although the canister sampling conducted during December
2009, March 2010, and April 2010, investigations did not show
issues of short-term health concern; it was recognized that moni-
tored concentrations of benzene were similar to concentrations
detected during Phase I, II, and III mobile monitoring events in
2009. Benzene was detected at elevated levels in 16 of 60,
30-min or instantaneous canister samples. Since all samples were
collected in areas where the public could potentially be exposed
and limited information was available as to the frequency and
duration of these elevated levels, it was recommended that contin-
ued surveillance and short-term sampling as well as stationary
long-term monitoring in the Barnett Shale area to better assess
the inﬂuence of NGOs on ambient concentrations of VOCs, particu-
larly benzene.
Short-term impacts
To more extensively characterize short-term impacts on air
quality, many monitoring teams (both mobile monitoring units
and regional investigators) have collected short-term air quality
data. Due to concerns raised by elevated levels of VOCs measured
in short-term air samples collected during mobile monitoring
and regional investigations, the TCEQ increased the number of sta-
tionary air monitors in the Dallas/Fort Worth area to bettercharacterize both short-term and long-term impacts to air quality
nearer sources of emissions. A total of 2 AutoGC monitors were
operating in 2009, compared to 11 AutoGCs operating in
December 2012. A total of eight 24-h canister samplers were oper-
ating in 2009 compared to nine 24-h canister samplers in
December 2012. One-hour samples collected by AutoGC monitors
were used to help assess short-term impacts to air quality.
SUMMA canister sample results
Summary results of the 1299 off-site short-term duration
SUMMA canister samples collected between August 2009, and
December 31, 2012, included in this assessment are presented in
Supplemental Table S3 (percent of samples measured above the
detection limit, minimum, and maximum concentrations) as well
as odor-based and short-term health-based AMCVs. The vast
majority of samples for all chemicals of interest, if detected, were
well below both odor-based and short-term health-based AMCVs.
Cyclohexane was detected in six samples at levels above the
odor-based AMCV of 420 ppbv; isopentane exceeded its
odor-based AMCV of 1300 ppbv in six samples; m- and p-xylene
exceeded its odor-based AMCV in eight samples; methylcyclohex-
ane exceeded its odor-based AMCV in seven samples; n-heptane
exceeded its odor-based AMCV in two samples; n-hexane exceeded
its odor-based AMCV in one sample; and n-pentane exceeded its
odor-based AMCV in eight samples. Some of the reported levels of
these chemicals would be expected to cause strong odors.
Persistent or recurrent exposure to levels, which signiﬁcantly
exceed the odor-based AMCV, may cause odor-related health
effects in some individuals, which is consistent with both citizen
complaints and investigator reports of odors and health effects such
as headache, dizziness, nausea, and eye and throat irritation.
Benzene exceeded its short-term health-based AMCV in one
sample with a measured concentration of 290 ppbv; n-heptane
exceeded its short-term health-based AMCV in one sample with
a measured concentration of 900 ppbv; n-octane exceeded its
short-term health-based AMCV in one sample with a measured
concentration of 820 ppbv.
One-hour AutoGC sample results
We evaluated one-hour samples collected at stationary AutoGC
monitors to help assess short-term impacts to air quality.
Summary results of one-hour AutoGC data for all chemicals of
interest from monitors with at least six months of data as of
December 31st, 2012, are presented in Supplemental Tables S4
through S11. Maximum one-hour concentrations for all chemicals
of interest were well below both odor-based and short-term
health-based AMCVs.
Long-term impacts
As of December 31st, 2012, a total of eleven AutoGC monitors
and nine 24-h canister samplers were operating. Seven AutoGC
monitors had collected at least one year of samples and one
AutoGC monitor had collected at least six months of samples by
December 31st, 2012, and were suitable for including in the
long-term assessment. All nine 24-h canister monitors had at least
one year of samples by December 31st, 2012 and were suitable for
including in the long-term assessment.
Summary statistics for each chemical of interest measured at
each AutoGC monitor included in the long-term assessment are
presented in Supplemental Tables S4 through S11. The number of
samples, percent of samples detected above detection limit, maxi-
mum, mean, median, and mode concentrations and proxy values
used in place of zero values are listed for each chemical of interest
measured at each monitor.
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each 24-h canister monitor included in the chronic assessment
are presented in Supplemental Tables S12 through S20. The num-
ber of samples, percent of samples detected above detection limit,
maximum, mean, median, and mode concentrations, and proxy
values used in place of zero values listed for each chemical of inter-
est measured at each monitor.
Supplemental Tables S21 and S22 show mean concentrations of
chemicals of interest measured at all AutoGC and 24-h canister
monitors in comparison to TCEQ long-term health-based AMCVs.
All chemicals of interest were measured at concentrations much
lower than their long-term health-based AMCVs.
Of the sixteen chemicals with long-term health-based AMCVs,
ten chemicals had chronic ReVs that were used to calculate hazard
quotients (HQs) for each chemical at each site. Results from this
analysis are presented in Tables 5 and 6. All HQs and total HIs were
orders of magnitude lower than the acceptable level of 1. Benzene
had the highest HQ at twelve sites, and n-hexane had the highest
HQ at the remaining ﬁve sites.
The only chemical of interest with a cancer-based, long-term
AMCV was benzene. The benzene long-term AMCV of 1.4 ppb is
based on a Unit Risk Factor (URF) of 7.1E-06 per ppb (TCEQ,
2007). Site mean benzene concentrations were multiplied by the
URF of 7.1E-06 to determine the excess cancer risk level for ben-
zene at each monitor. Calculated excess cancer risk levels for each
monitor site are presented in Tables 7 and 8 and ranged from
7.81E07 at the Eagle Mountain Lake AutoGC site to 1.92E06 at
the Dallas Hinton 24-h canister site.
Stakeholder engagement
Beginning in 2009, the general public raised concerns regarding
potential impacts of NGOs on human health and welfare. The TCEQTable 5
Hazard quotient and hazard index results for chemicals of interest at automated gas chro
Chemical Fort Worth Northwest Dallas Hinton Dish Eagle Mount
Benzene 2.2E03 2.2E03 1.7E03 1.3E03
Ethylbenzene 1.1E04 1.6E04 6.2E05 5.3E05
Isobutane 1.2E04 8.9E05 2.1E04 1.5E04
Isopentane 1.7E04 1.2E04 1.4E04 1.1E04
n-Butane 2.7E04 2.1E04 3.9E04 3.2E04
n-Hexane 1.6E03 1.3E03 2.6E03 1.6E03
n-Pentane 1.1E04 7.4E05 1.2E04 1.1E04
o-Xylene 4.3E04 6.3E04 2.0E04 1.8E04
p- & m-Xylene 1.1E03 1.7E03 5.2E04 3.7E04
Toluene 4.4E04 5.2E04 2.3E04 1.4E04
hazard index 6.6E03 7.0E03 6.3E03 4.3E03
ReV – reference value.
Table 6
Hazard quotient and hazard index results for chemicals of interest at 24-h canister sites.
Chemical Fort Worth North
West
Dallas
Hinton
Denton Airport
South
Midlothian G
Fa
Benzene 3.0E03 3.1E03 2.7E03 2.9E03 2.
Ethylbenzene 2.0E04 2.2E04 1.8E04 2.4E04 1.
Isobutane 1.5E04 1.1E04 4.6E04 9.3E05 1.
Isopentane 1.5E04 1.2E04 2.9E04 9.5E05 8.
n-Butane 2.9E04 2.2E04 7.5E04 1.6E04 2.
n-Hexane 1.2E03 8.4E04 3.6E03 2.1E03 7.
n-Pentane 7.9E05 5.1E05 2.1E04 6.6E05 4.
o-Xylene 5.7E04 7.1E04 7.1E04 9.3E04 5.
p- & m-
Xylene
1.3E03 1.6E03 1.2E03 1.8E03 8.
Toluene 3.6E04 4.1E04 3.5E04 3.6E04 2.
hazard index 7.3E03 7.4E03 1.0E02 8.8E03 5.
ReV – reference value.participated in numerous events involving various stakeholder
groups in an effort to address concerns regarding impacts of the
NGOs on human health and the environment as well as dissemi-
nate information on TCEQ rules and procedures.
The TCEQ Region 4 ofﬁce implemented a policy to reduce the
agency response time for citizen complaints in the area (12 h).
Additional ﬁeld investigators were hired by the Region 4 ofﬁce
and the Barnett Shale Team was created to speciﬁcally handle
Barnett Shale-related issues. TCEQ allocated four hand-held IR
cameras and additional monitoring equipment to the Region 4
ofﬁce. In addition to investigations in response to a citizen/inter-
ested party complaint or request, Region 4 staff began conduct-
ing periodic reconnaissance investigations in selected areas,
along with scheduled compliance investigations at natural gas
sites.
The TCEQ initiated the development of the Barnett Shale
WebPage and MapViewer in spring 2010, in an effort to increase
transparency of TCEQ processes and activities. A focus group con-
sisting of members of the public was created to help TCEQ site
new stationary monitors.
The TCEQ also increased efforts to reach out to industry. The
TCEQ held meetings with State Oil and Gas Associations and
Barnett Shale top producers to inform them of issues we were ﬁnd-
ing during ﬂyover and mobile monitoring investigations and rec-
ommend a proactive approach when addressing these issues.
The Oil and Gas Track for the TCEQ Environmental Trade Fair
was created in 2010, and has become one of the most heavily
attended tracks at the Trade Fair.
The TCEQ created programs to address issues of concern as
noted during ﬂyover and mobile monitoring investigations:
 Find it and Fix it Program - short-term, voluntary program to
get company compliancematograph (AutoGC) sites.
ain Lake Decatur Flower Mound Everman Kennendale Chronic ReV
1.9E03 1.5E03 1.5E03 1.6E03 86
5.6E05 6.2E05 5.6E05 7.3E05 450
2.6E04 1.1E04 1.0E04 1.3E04 8000
2.1E04 7.3E05 9.1E05 1.2E04 8000
6.0E04 2.5E04 2.3E04 2.6E04 8000
3.7E03 1.3E03 1.2E03 1.3E03 190
2.1E04 8.0E05 7.1E05 8.5E05 8,000
1.9E04 2.1E04 2.1E04 2.5E04 140
5.7E04 5.4E04 5.7E04 7.0E04 140
2.4E04 2.0E04 2.2E04 2.8E04 1100
7.9E03 4.3E03 4.2E03 4.8E03
rapevine
irway
Greenville Kaufman Italy Johnson County
Luisa
Chronic
ReV
2E03 2.8E03 2.3E03 2.0E03 2.1E03 86
6E04 1.6E04 1.6E04 8.9E05 8.9E05 450
2E04 9.0E05 7.9E05 8.4E05 6.6E05 8,000
5E05 9.8E05 5.3E05 5.4E05 6.6E05 8,000
0E04 1.8E04 1.7E04 3.2E04 1.8E04 8,000
4E04 6.8E04 5.3E04 4.3E03 6.8E04 190
6E05 4.0E05 3.1E05 4.3E05 4.4E05 8,000
7E04 5.7E04 6.4E04 3.6E04 5.0E04 140
6E04 8.6E04 7.9E04 5.7E04 4.3E04 140
1E04 2.5E04 1.4E04 1.5E04 1.4E04 1,100
2E03 5.7E03 4.9E03 7.9E03 4.3E03
Table 7
Excess cancer risk levels for benzene at automated gas chromatograph (AutoGC) sites.
EPA site
number
AutoGC site name Site mean
benzene
concentration
(ppbv)
Data
points
(hourly
samples)
Excess
cancer
risk level
481130069 Dallas Hinton 0.19 91,539 1.35E06
484391002 Fort Worth
Northwest
0.19 64,372 1.35E06
481211013 Dish Airﬁeld 0.15 20,723 1.07E06
484390075 Eagle Mountain Lake 0.11 20,638 7.81E07
484970088 Decatur Thompson 0.16 17,205 1.14E06
481211007 Flower Mound
Shiloh
0.13 15,976 9.23E07
484391009 Everman Johnson
Park
0.13 10,958 9.23E07
484391062 Kennendale
Treepoint Drive
0.14 3926 9.94E07
AutoGC – automated gas chromatograph.
ppbv – parts per billion by volume.
Table 8
Excess cancer risk levels for benzene at 24-h canister sites.
EPA site
number
24-h
canister
site name
Site mean
benzene
concentration
(ppbv)
Data points
(24-h canister
samples)
Excess
cancer
risk level
481390016 Midlothian
Old Fort
Worth
0.25 824 1.78E06
481210034 Denton
Airport
South
0.23 736 1.63E06
481130069 Dallas
Hinton
0.27 717 1.92E06
482311006 Greenville 0.24 579 1.70E06
484391002 Fort Worth
Northwest
0.26 547 1.85E06
484393009 Grapevine
Fairway
0.19 536 1.35E06
482570005 Kaufman 0.20 519 1.42E06
481391044 Italy 0.17 313 1.21E06
482511008 Johnson
County
Luisa
0.18 122 1.28E06
ppbv – parts per billion by volume.
Table 9
Enforcement cases by investigation type.
Investigation type 2009 2010 2011 2012 Total
Complaint 1 13 6 0 20
Emergency response 0 0 0 1 1
Follow-up 0 7 2 0 9
Scheduled 0 3 11 6 20
Title V 0 0 0 7 7
Total 1 23 19 14 57
12 Other allegations of complaints included visible emissions.
13 Other observations noted by investigators included emissions detected with and
without the use of the infrared camera.
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operators and other representatives of what emission sources
we found to be most likely causal of risk.
Enforcement actions as a result of short-term studies
As a result of increased efforts to address public concern of the
potential impact of NGOs, TCEQ Dallas-Fort Worth (DFW) Region
ofﬁce created the Barnett Shale Team to investigate oil and gas
issues in the DFW Region. The Barnett Shale team conducts com-
plaint based investigations, scheduled investigations, emergency
response investigations and Title V investigations that focus on
oil and gas facilities. Barnett Shale investigation policies require
investigators to survey oil and gas sites with monitoring equip-
ment such as the infrared camera, multi-gas monitors, and ﬂame
ionizations devices to detect emissions of volatile organic com-
pounds and emission points. However, the monitoring equipment
are used as diagnostic tools and do not provide legally defensible
information; therefore, passivated stainless steel canister samples
are collected when odors are detected, or when the presence of
volatile organic compounds are detected with monitoringequipment1. Passivated stainless steel canister sampling is also
used to quantify target air constituents in ambient air.
As described in detail in the Methods section, AMCVs are chem-
ical speciﬁc air concentrations set to protect human health and
welfare that are used during the evaluation of ambient air monitor-
ing data. Long-term AMCVs are based on chronic health and wel-
fare data and are used to evaluate annual averaged monitored
concentrations or annual concentrations averaged over multiple
years. Short-term AMCVs are based on acute exposure health and
welfare data and are used for comparison with instantaneous to
one hour air samples. Typically short-term samples are collected
using a passivated stainless steel canister equipped with an oriﬁce
control device which operates at a thirty minute period by restrict-
ing the inlet ﬂow rate. Occasionally, instantaneous samples are col-
lected at a ten to thirty second interval without the use of an oriﬁce
control device. Short-term air samples are representative of air
concentrations in the ambient air for the period of the sample, typ-
ically ten seconds up to an hour, and are not used to predict con-
stituents in air outside of the singular sample period. It is not
scientiﬁcally sound to compare short-term samples with
long-term AMCVs.
During the period of March 1, 2009, through December 31,
2012, 1125 thirty minute passivated stainless steel canister air
samples were collected at the TCEQ DFW Region ofﬁce. Of the
1125 air samples collected, ﬁfty-seven samples were taken during
thirty-nine investigations that resulted enforcement action.
Enforcement actions occurred more frequently in complaint and
scheduled investigations as shown in Table 9.
Investigations based on complaints are of particular importance
because of their direct public engagement. Twenty of ﬁfty-seven
short-term samples associated with enforcement cases occurred
during eleven complaint based investigations. Enforcement action
can result if the complainant alleges transitory health effects, such
as nausea or eye irritation, and the investigator experiences the
same effects and can conﬁrm the origin as the alleged source. If
the investigator does not experience the same health effects or
cannot conﬁrm the origin as the alleged source, the complainant
would need to submit written documentation from a health pro-
fessional substantiating the health allegations. During the period
of March 1, 2009, through December 31, 2012, two samples were
collected as a result of odor complaints, sixteen samples were col-
lected as a result of odor and health effects complaints, and two
samples were taken as a result of other complaints.12 For samples
taken as a result of odor complaints, odors were detected by the
investigator at the time of the sample. For samples collected as a
result of odor and health effect complaints, the investigator noted
odors or odors and health effects at the time eight of the sixteen
samples were taken; other observations were noted during investi-
gations where the remaining eight samples were taken.13 At the time
half the samples were taken, the investigator experienced health
effects. It is possible that during the temporal delay from the time
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an investigator arrived at the alleged source, conditions causing
the alleged effects changed. As mentioned in the previous section,
policies have been implemented by the TCEQ DFW Region ofﬁce to
minimize the temporal delay between complaint receipt and inves-
tigator arrival to the alleged source.14 In October of 2010 the TCEQ adopted amendments to the Permit By Rule (PBR)
and the standard permit for oil and gas handling and production facilities. The
amendments removed Archer, Bosque, Coryell, Clay, Comanche, Eastland, Shack-
elford, and Stephens counties from the applicability of 30 Texas Administrative Code
(TAC) Section 106.352(a)–(k) and from the nonrule air quality standard permit. 30
TAC Section 106.352(l) will apply to PBR facilities in the removed counties on or after
November 22, 2012 and to standard permit facilities in the removed counties
constructed on or after November 8, 2012. Additionally, the amendments extended
the deadline for the historical notiﬁcation requirement in Section 30 TAC 106.352 (f)
from January 1, 2013 to January 5, 2015. This historical notiﬁcation requirement
applies to facilities located in Cooke, Dallas, Denton, Ellis, Erath, Hill, Hood, Jack,
Johnson, Montague, Palo Pinto, Parker, Somervell, Tarrant, and Wise counties.Discussion
In this manuscript, the TCEQ developed a stepwise problem for-
mulation process to identify and assess risks associated with the
development and production of natural gas in the Barnett Shale
area. Initial aerial infrared camera surveys revealed potential
hydrocarbon emissions at various types of NGOs. These aerial
infrared camera survey results, along with increased citizen com-
plaints, and preliminary mobile monitoring studies in the area
led the TCEQ to identify potential issues with VOC emissions from
NGOs. Speciﬁcally, the preliminary surveys identiﬁed VOC air
emissions from NGOs as a potential source of risk to human health
and welfare.
Engagement of various stakeholders (i.e., citizens and industry
representatives) played a critical role in the problem formulation
process as demonstrated by numerous presentations and events
the TCEQ either participated in or hosted as discussed in detail in
the Results section. Stakeholder engagement continued to be
instrumental throughout the assessment phase. For example, a
stakeholder focus group was formed to help ﬁnd locations for
many of the stationary VOC monitors now in operation. The
Barnett Shale webpage and Map Viewer were developed and
implemented in spring 2010 as a means of enhancing transparency
of TCEQ activities and responses to various issues.
As part of the assessment phase in the problem formulation
process, the TCEQ conducted short-term and long-term ambient
air sampling and analyses. These monitoring studies were used
to characterize concentrations of VOCs measured around NGOs
and compare them to typical background concentrations in the
area. Short-term sampling found elevated levels of VOCs, most
notably benzene, being emitted from a small percentage of those
facilities. Although the TCEQ did not monitor short-term levels of
VOCs that would be expected to cause adverse health effects after
a one-hour exposure, we monitored VOCs above typical back-
ground concentrations, and at concentrations that were higher
than anticipated, downwind of several NGOs. We also monitored
short-term levels of some VOCs that would be expected to cause
odors, consistent with both citizen complaints and TCEQ staff
observations.
Because monitoring detected elevated short-term levels of
VOCs (i.e., benzene), and the increased potential for human expo-
sure given the close proximity of many NGOs to residential areas,
the TCEQ saw the need for additional long-term monitoring to
assess the potential for chronic health risk. In response, the agency
expanded its number of ﬁxed-site VOC monitors in the Barnett
Shale area, particularly in areas where there was signiﬁcant natural
gas development, and has more than tripled the number of VOC
monitors in the area in the last four years (from a total of six in
2009, to twenty-eight by October 2014).
Long-term monitoring data for the chemicals of interest col-
lected at the twenty stationary monitors included in this assess-
ment indicated that there was no signiﬁcant increased risk for
cancer or noncancer health effects. Benzene was the primary risk
driver for noncancer effects at ﬁfteen of twenty sites, with HQs
ranging from to 1.3E-03 to 3.1E-03. Interestingly, n-hexane was
the primary risk driver for noncancer effects at three AutoGC sites
(Eagle Mountain Lake, Dish, and Decatur) as well as two 24-h can-
ister sites (Denton Airport South and Italy), although benzene wasthe secondary risk driver in all these cases. Mean benzene concen-
trations monitored at all twenty stationary monitors (over 245,000
hourly measurements, and over 4800 24-h canister measure-
ments) were comparable to typical background levels seen in rural
areas (USEPA, 2010; ATSDR 2007; WHO, 2000). Excess cancer risk
levels calculated for benzene ranged from 7.81E07 to 1.92E06,
which are all below the TCEQ risk goal of 1E05 and below or
within the USEPA acceptable risk range of 1E04 to 1E06
(TCEQ, 2012a).
With respect to air quality trends, our ambient air monitoring
network is registering the changes in the air quality that have
occurred due to activities of NGOs (Sielken et al., 2013; Bunch
et al., 2014), but our risk assessment results show that these
changes do not signiﬁcantly impact risk to human health based
on the assumptions used in our analyses.
The TCEQ used results from the assessment phase to character-
ize potential sources of risk. From that assessment, the agency
developed informed risk management strategies, as described in
Table 10. Risk management options were selected based upon data,
policy considerations, and stakeholder input. Risk management
strategies implemented as a result of this effort included changes
in air permitting rules14 for NGOs and the development of a more
standardized approach to expedite investigations of citizen com-
plaints. The problem formulation and risk management decisions
that came about as the result of the TCEQ assessing air quality and
community impacts of rapid development of NGOs are summarized
in Table 10.Limitations
As with any risk assessment, there are limitations to consider
that may under- or over-estimate risk. One major limitation of this
assessment is the use of ambient air monitoring data alone to
assess potential risk. It should be emphasized that use of ambient
VOC air concentrations alone to assess personal exposure to air
toxics is not appropriate. Air toxics are present indoors, often from
indoor sources and activities (e.g. cooking, smoking, etc.). Given
the signiﬁcant amount of time spent indoors at home, work,
school, and other locations, ambient air measurements are not
likely to be representative of an individual’s exposure to air toxics
(USEP, 2013).
In addition to only using air monitoring data to assess potential
risk, this assessment was limited in scope to a subset of VOCs asso-
ciated with NGOs, when more chemicals may be associated with
NGOs for which we either did not monitor or did not have compar-
ison values. Another noteworthy consideration is that sources
other than NGOs may have contributed to the measured VOC con-
centrations. In some cases, upwind and downwind samples were
collected in an attempt to rule out other source contributions,
but this was not possible in all cases. Major sources of VOC emis-
sions other than NGOs include mobile sources (i.e., on-road vehi-
cles and non-road equipment) as well as other industrial sources
(e.g., gas stations, waste disposal facilities, chemical manufactur-
ing, and petroleum reﬁneries). At this time, we can only speculate
Table 10
Problem formulation and risk management decisions that came about as the result of the TCEQ assessing air quality and community impacts of rapid development of natural gas
operations (NGOs) in the Barnett Shale area.
Problem Management Options Decision
Distribution of Air
Pollutants
 More monitoring
 Increased investigations
 Increased monitoring and investigations
 Sited more monitors to increase coverage
Source of the air
emissions
 More monitoring and investigations
 Catalogue onsite sources
 Identify possible chemical emitted
 Have industry ﬁle inventories with state
 Increased monitoring and investigations
 Barnett Shale Special Inventory Project
 Find It and Fix It Program
 Engage Enforcement Division
 Green completion
 New State and EPA rules
Long-term risks (e.g.
cancer)
 More monitoring for a longer duration of time  Increased monitoring coverage
 Overtime collect sufﬁcient data to evaluate chronic risks
Exposure  Samples collected near or in communities
 Collaborate with DSHS to assay biological
samples
 Increased monitoring coverage
 DSHS studied human samples in Dish, TX
Water Resources  Recycle water  Working with cities and industry to allow more municipal waste water reuse at
oil and gas facilities
Community disruption  Respond to complaints faster
 Issue notice of violation
 Have public meetings to determine impacts on
community
 Encourage community participation
 Alter rules that govern industry
 12 h or less response time to calls
 Engaged Enforcement Division
 Hosted public meetings and workshops
 Altered Oil and Gas Standard Permit and PBR
 Change local ordinance
Transparency  Website
 Publish all data
 Write reports evaluating monitoring trips
 Publish summary of all ﬁndings
 Make ﬁndings publically available
 Barnett Shale website now online
 Data all made publically available along with
Applicability to other
Regions
 Take what we learned and apply it to the whole
state
 Eagle Ford Shale
 PBR (State wide)
 Standard Permit
 Monitoring protocols already established
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itored VOC concentrations.
Analytical detection capabilities have an impact on the quanti-
tative risk assessment of VOC concentrations. There is a greater
degree of conﬁdence in the measured VOC concentrations at sites
with a signiﬁcant number of detected VOC concentrations above
the detection limit compared to sites where VOC concentrations
were reported as non-detect and a proxy value was used in place
of zero values.
Some stationary monitors in the Barnett Shale area were
purposely sited predominantly downwind of sources of
emissions from NGOs. In these cases, monitored concentrations
of VOCs associated with NGOs may be higher than what one
would typically encounter in the environment. Sampling condi-
tions (i.e., meteorological conditions, sampling location, etc.) affect
sampling results and may or may not represent actual exposure
conditions.
In this assessment, we only evaluated risk from inhalation
exposure to the chemicals of interest. In reality, exposure can occur
by multiple pathways including inhalation, dermal, and ingestion,
so an evaluation of only the inhalation pathway may underesti-
mate risk. We only evaluated a one-hour exposure scenario for
the acute assessment because TCEQ short-term AMCVs are devel-
oped speciﬁcally for this purpose. However, exposure may be
shorter or longer duration.
We used default exposure assumptions for the long-term eval-
uation (continuous inhalation exposure to the monitored concen-
trations for 24 h/day, 7 days/week, 365 days/year, for a lifetime)
which may over- or under-estimate actual personal exposure.
We evaluated potential cumulative impacts for noncancer
risk but did not account for different target organ toxicity,
which may overestimate cumulative HI estimates (potentially
over-estimating risk).
Given these limitations, it is important to note that uncertain-
ties remain when drawing conclusions regarding potential health
risks from exposure to emissions from NGOs.Conclusions/recommendations
The exponential growth in unconventional shale gas develop-
ment and production in the state of Texas has created uncertainty
regarding the impacts of said growth on human health and welfare.
The regulation of this process is multi-dimensional and evolving.
The above study describes the problem formulation and risk man-
agement decisions that came about as the result of the TCEQ
assessing air quality and community impacts of rapid development
of NGOs (Table 10).
Findings from this study indicate the following conclusions:
1. Generally speaking, problems identiﬁed (i.e., excess emissions
or response to complaints) during short-term investigations
were sporadic in nature and were almost exclusively related
to odor-based exceedances.
2. Maintenance issues were the identiﬁed cause of emissions, and
these were quickly and easily remedied. Follow-up sampling
revealed background levels of VOCs after maintenance issues
were resolved, highlighting the importance of inspections and
communication with operators.
3. Benzene exceeded its short-term, health-based AMCV in one
off-site short-term sample during initial investigations. Due to
its ubiquitous nature and relatively high toxicity, benzene is
the chemical we consider to be the primary risk driver in the
context of VOC emissions from NGOs, as was demonstrated in
the short-term canister sampling results and subsequent risk
and hazard calculations conducted for the risk assessment.
4. Based on the air monitoring data used in this evaluation and
associated risk assessment results, there is no substantial health
risk from acute or chronic exposure to air emissions from NGOs.
It is important to note that uncertainties remain regarding indi-
vidual exposures to air emissions from NGOs, particularly for
individuals in close proximity to potential sources, and as with
any risk assessment, there are a number of limitations that may
under- or overestimate risk.
110 S. Ethridge et al. / Journal of Unconventional Oil and Gas Resources 11 (2015) 95–1105. A number of rule changes were implemented to address con-
cerns regarding the regulation of NGOs. For example, the
TCEQ adopted amendments to the Permit by Rule (PBR) and
the standard permit for oil and gas handling and production
facilities.
6. Community disruption can be lessened by rapid response to
complaints, the implementation of follow-up investigations,
and improved communication by regulating entities to identify
problems and public concerns.
Disclaimer
All maps were generated by the Ofﬁce of Air, Air Quality
Division of the Texas Commission on Environmental Quality and
are for informational purposes and may not have been prepared
for or be suitable for legal, engineering, or surveying purposes.
They do not represent on-the-ground surveys and represent only
the approximate relative location of property boundaries. For
information concerning these maps, contact the Air Quality
Division at (512) 239–1459.
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